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The degree of unevenness in distribution of
inspired gas is of interest because it affects gas
turnover in the alveoli and hence alveolar gas
composition (1, 2). Since the various body or-
gans are not in direct contact with the alveolar
gas, this unevenness affects them only indirectly.
From the standpoint of the peripheral tissues, the
most important factor by which lung perform-
ance may be judged is the gas content of arterial
blood. Poorly ventilated alveoli are rather in-
nocuous if they are also poorly perfused. On the
other hand, if considerable blood flow is present,
these alveoli can be a source of serious embarrass-
ment to the body since they have a marked in-
fluence upon arterial gas content.

Several methods for measuring distribution of
pulmonary blood flow have been devised. Some
are based on injection or inhalation of radioactive
materials (3-6), but are too complicated or too
costly for general use. Finley (7) has reported a
method of estimating perfusion of poorly venti-
lated alveoli that requires simultaneous record-
ing of alveolar CO; and N, (from which alveolar
O s calculated) and arterial O, tension. Briscoe
and others (8) have described a method of evalu-
ating pulmonary ventilation and perfusion that
gives more detailed information but requires
measurement of seven different parameters.

The desirability of a less complicated method
of measuring the perfusion of the poorly venti-
lated alveoli and of estimating their ventilation-
perfusion ratio led to the present study. Inert
gas washout is followed in the expired gas and in
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the arterial blood with a single instrument, the
gas chromatograph. In conventional washout
studies, expired N, is monitored after the inspired
gas is changed from air to 1009, O,. In normal
subjects, however, the washout is rapid, and the
amount of N; eliminated in the late phase is low.
In this situation it is practically impossible to
avoid significant contamination with N, for a
variety of reasons, e.g., N, dissolved in heparin,
leakage of air into the sample, addition of N,
from Van Slyke grease, and so forth. Therefore,
we decided to prebreathe subjects with helium
and subsequently follow He rather than N,
washout.

Methods
Theory

Ventilation of the slow compartment. Although the lungs
are probably composed of a vast number of alveoli with each
alveolus having its own specific ventilation rate, the respir-
atory system has been treated effectively by several authors
as if composed of two groups of alveoli, one well ventilated,
the “fast compartment,” and the other poorly ventilated,
the “‘slow compartment’ (9). The significance of the term
“slow compartment’ is discussed below. In the washout
of inert gas, well-ventilated alveoli are rapidly cleared. In
the late phase of the washout, only the slow compart-
ment contributes inert gas to alveolar gas, and thus

Va X Fage = Vs X Fsie, [1]

where V represents ventilation and F the fractional con-
centration of the inert gas.. A and s refer to the mixed
alveolar gas and the slow compartment, respectively. For
the sake of simplicity, in all further equations the subscript
of the inert gas in question (in this case, helium) is omitted
when speaking of fractional concentration. The same will
subsequently also apply to content.
Rearranging Equation 1 and referring the fractional con-
centrations to Fag, the alveolar fraction at time 0,
Vs Fa

Va  Fao

FAo
— 2
Ts (2]

The ratio on the left side of Equation 2 describes the venti-
lation of the slow compartment as a fraction of the over-all
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F1G. 1. ALVEOLAR AND ARTERIAL RATE OF DECREASE OF
INERT GAS. The inert gas is plotted in both cases as a
fraction of the control value. The vertical intercept of
the extrapolated alveolar gas washout line indicates the
fraction of alveolar ventilation originating in the slow
compartment (Vs/Vt), whereas the intercept of the blood
washout curve defines the relative perfusion of this com-
partment (Qs/Qt). Vertical distance between the two
lines compares the V/Q of this compartment to that of the
whole lung. Cao = content of arterial blood at time 0;
Fao, = alveolar fraction at time 0.

alveolar ventilation. The ratios on the right are ratios of
fractional concentration. Since, in the system we use, the
response of the gas chromatograph has been shown to be
proportional to the fractional concentration of a gas (10),
each ratio can be replaced by a ratio of chromatograph
readings, obviating the need of calibrating the instrument.
Equation 2, however, cannot be solved as it stands since
Fs is unknown. This difficulty can be circumvented by
using a graphic approach. The determined Fa/Fa, values
are plotted on a logarithmic scale as a function of the time
at which the samples were obtained (Figure 1). In all
subjects the curve that joins all these points eventually
becomes a straight line. Such a straight line would also ob-
tain if a uniform compartment were washed out and hence
describes the virtual “slow compartment.” Extrapolation
of this straight line to time 0 determines an intercept value
for FA/Fao. If it is assumed that at time 0, that is, in the
steady state preceding washout, the fraction of inert gas
in the slow compartment was the same as that in the rest
of the lung (i.e., FAo/Fs = 1), then the intercept represents
Vs/Va, or the fraction of the over-all alveolar ventilation
contributed by the slow compartment.

Two assumptions are involved in this derivation. The
first is that the fast compartment contributes no inert gas
to the expirate; actually, since inert gas is being washed
out of peripheral tissues, some of this gas must be elimi-
nated by the fast compartment. After 5 minutes of wash-
out, however, the inert gas content of mixed venous blood
drops to 209, of its initial value (11). When the inert gas
considered has a low solubility, it will not introduce a sig-
nificant error even if it is eliminated sz toto by the fast
compartment. For example, if the gas has a Bunsen co-
efficient of 0.01 (approximately that of N or He), and if the
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blood was initially equilibrated with 0.8 atmosphere of the
gas, the mixed venous blood at 5 minutes will contain 0.16
vol per 100 ml of thegas. Evenif the ventilation-perfusion
ratio of the fast compartment is equal to unity (an under-
estimation in most cases), the ratio between the inert gas
fractional concentration in the alveolar gas at 5 minutes
and at time 0 will be 0.0016/0.8, or 0.002, an amount too
small to influence our results. In addition, since the sub-
ject breathed a helium mixture for only 1 hour before
sampling in our experiments, peripheral tissues would not
be fully saturated and blood returning from the tissues,
i.e., mixed venous blood, would contain even less helium
than the estimated 209, of the initial value.

The second assumption is that during the steady state
the fraction of inert gas is the same throughout the lungs.
This is correct only if all the elements in that lung have the
same alveolar ventilation-perfusion ratio (VA/Q) (12).
When the mixed venous blood composition is normal or
near normal and the fraction of the inert gas is 0.80, the
true fraction in any single alveolus may vary from 0.88 if
the Va/Q is zero to 0.78 when Va/Q is 2 (12). This indi-
cates that the value of Vs/Va as read directly in Figure 1
may be in error by as much as 109, of its value. Thus an
intercept value of 0.05 indicates in fact that the fraction of
the ventilation to the slow compartment is between 4.5 and
5.5% of the total. This is not a large error and may be
corrected after the perfusion to the slow compartment has
been calculated.

Perfusion of the slow compartment. If it is assumed that
after 5 minutes of washout helium content of the arterial
blood is contributed solely by blood returning from the slow
compartment,

Ot X Ca = Qs X Cs, 031

where Ot is the total blood flow, Qs the blood flow to the
slow compartment, Ca the content of the arterial blood, and
Cs the content in the blood perfusing the slow compart-
ment. ’

In Figure 1, where Ca/Ca, is plotted versus time on a
semilogarithmic scale, all points obtained after 5 minutes
fall on a straight line. Reasoning similar to that detailed
under Ventilation of the slow compartment indicates that the
intercept of this line with the ordinate axis determines the
fractional perfusion of the slow compartment.

Equation 3 implies that no detectable amount of helium
is added to the arterial blood either by the perfusion of the
fast compartment or by direct shunts. The first part of
this statement is certainly justified in view of the low solu-
bility of helium. However, if mixed venous blood helium
content at 5 minutes is still 209, of the initial value, the
venous admixture of 19, of the total blood flow will change
Ca/Ca, by 0.002, a value that would be relatively insig-
nificant. As mentioned above, however, peripheral tissues
were not completely saturated with helium in our experi-
ments, and thus the error involved would be less than
estimated. Nevertheless, the combination of a high
helium content in mixed venous blood and a high degree of
venous admixture might render this assumption dangerous.

Ventilation-perfusion ratio of the slow compartment. Al-
though from the data obtained the absolute value of the
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ventilation-perfusion ratio of the slow compartment can-
not be calculated, this value can be compared to the venti-
lation-perfusion ratio of the whole lung by combining
Equations 1 and 3 and rearranging as

) /()2
(6) <Qt "G XFs

In this equation, neither Cs nor Fs is known, but they are
related through a, the solubility coefficient of helium in
blood.

[4]

E§ _ a(PB — 47)

N
Fs 760 5]

where PB = barometric pressure.
If it is assumed that the same equilibrium existed under
control conditions,

Cas _ a(PB — 47)

6
Fa, 760 L6l

and the last fraction of Equation 4 may be replaced by
Cao/Fa,, after which the equation may be rearranged to

read
(Vs)/(\h) Fa
e - =— X
Qs Qt Fao
Fa/Fa, simply represents a ratio of chromatograph read-
ings for alveolar gas, and Cao/Ca the ratio of readings for
blood samples.

Here again the assumption that the fraction of helium is
the same throughout the lung is implicit, since Equation 6
assumes equilibrium of partial pressures between alveolar
gasand arterial blood. This condition is present only when
the VA/Q of all the elements is the same. The maximal
error introduced by this assumption is below 109, of the
calculated value. )

It is also possible to obtain the relative ventilation-per-
fusion ratio of the slow compartment (i.e., the value of that
ratio for this compartment in respect to that of the whole
lung, as expressed in Equation 7) by dividing FA/Fa, by
Ca/Cag measured at the same time during the washout.

Cao

% [7]

Procedure

The supine subject breathed an 809, He-209, O, mixture
supplied to an airtight face mask from a gas cylinder fitted
with a demand valve. The normal subjects were seasoned
laboratory workers who had been subjected to similar
measurements several times before this experiment. After
60 minutes the face mask was removed, and the subject
breathed room air through a mouthpiece equipped with
one-way check valves that allowed sampling of end-expira-
tory gas. The face mask was used during the helium
breathing period instead of a mouthpiece to prevent leak-
age and discomfort to the subject. The mask, however,
would not allow representative sampling of alveolar gas
due to the large dead space, so the mouthpiece was sub-
stituted before sampling. The subject breathed through a
low resistance valve, and gas samples were obtained in
30-ml syringes from the expiratory side of the valve. The
whole sampling procedure took place in a few seconds.

2229

TABLE 1

Relative perfusion and ventilation of the
slow compartment

sy
Subject Vs/Vt Qs/Qt (Va/Qt)
% %%
Normal
M.L. 2.2 2.7 0.82
D.M. 1.7 2.2 0.77
D.B. 1.4 1.5 0.93
L.F. 2.0 3.3 0.61
R.K. 1.7 1.9 0.89
Mean 1.8 2.3 0.80
Pulmonary emphysema
W.G. 10.4 32.5 0.32

*Vs = ventilation of the slow compartment; V't =
total alveolar ventilation; Qs = perfusion of the slow com-
partment; Ot = total alveolar perfusion; Va = alveolar
ventilation.

Arterial blood was sampled through a no. 18 Riley needle
in place in the left brachial artery. Clotting was prevented
by filling the dead space of the 30-ml sampling syringe with
sterile heparin.

Both blood and gas samples were taken just before
cessation of helium breathing and §, 7.5, 10, 12.5, and 15
minutes thereafter. Samples were analyzed on a Beck-
man GC-2 gas chromatograph, with the method developed
by Edwards, Velasquez, and Farhi (10). Chromatograph
output was recorded on a 1 mv Minneapolis-Honeywell
recorder. Helium content of 1 ml of gas and 3 ml of blood
was determined. Single gas samples were analyzed.
Blood samples were analyzed in duplicate and averaged.

Results and Discussion

The helium curves of alveolar gas and arterial
blood in a typical experiment are shown in Figure
1. Both curves are extrapolated back to the
initial time of the washout in order to compute
the contribution of ventilation and perfusion of
the slow compartment to the total ventilation
and perfusion.

The results for five normal subjects appear in
Table I. The mean pulmonary blood flow per-
fusing the slow compartment was 2.39, of the
total blood flow, whereas the mean ventilation
of this compartment was 1.89, of the total venti-
lation. The mean (Vs/Qs)/(Va/Qt) ratio is
0.80, indicating that the ventilation-perfusion
ratio of the slow compartment is slightly smaller
than the over-all ventilation-perfusion ratio.
This is in agreement with data reported previ-
ously (4). The gas and blood washout curves



2230

ROBERT A. KLOCKE AND LEON E. FARHI

% Saturation

50f

Peo,

50

Po

100

2
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are parallel in all subjects, indicating that the
slow compartment, identified solely on the basis
of its ventilation, is uniformly perfused.

The continuous repetition of the term ‘‘slow
compartment’’ may require clarification at this
point. Although in a limited number of cases
it is possible to imagine the lung as composed of
two or more homogeneous compartments, differ-
ing in some respects from each other, there is no
evidence whatsoever that these compartments,
as such, exist in normal man, or for that matter,
in most patients. It is much more logical to
imagine a continuous spectrum, with a gradation
of properties. This system, however, is next to
impossible to describe simply, hence the ac-
cepted ‘‘compartments’’ presentation, which
has also been utilized in this study. This de-
scription pertains to a model lung that could give
the same results as the lung being studied. Thus,
when the Vs/Qs is said to be half the Va/Qt
value, it should be interpreted only as saying
that the lungs of the subject in question behave
as if they included a homogeneous compartment
in which the ventilation-perfusion ratio is half
that of the total system. This is basically also
what is stated in describing blood clearance
values, where it is assumed that blood flow from
an organ can be divided into two compartments,

Point A is the mean for the normal subjects; point B is from an emphysema
The Os saturation of the blood returning from the slow compartment can be read on the

one of which has the properties of the incoming
blood whereas the other has been completely
“cleared” of a given component.

In these experiments, end-tidal gas composi-
tion was considered equal to alveolar composi-
tion. Although this is not absolutely true,
evidence has been presented that end tidal gas
is more representative of alveolar gas than a
sample delivered with a forced expiration (13).
In addition, the effect of a forced expiration on
the distribution of the alveolar ventilation can-
not be accurately assessed and may produce sig-
nificant changes in the distribution of the venti-
lation.

We have assumed that there is no significant
barrier to the diffusion of helium between the
alveolus and the capillary blood. Certainly in
normals this is true. Although the diffusing
capacity is often altered in patients with dis-
tribution disturbances, it is unlikely that a sig-
nificant alveolar-capillary difference exists in
these patients. Recent evidence suggests that
there is no barrier to gaseous diffusion even in
patients with ‘‘alveolar-capillary block syn-
drome’ (14).

In addition to the five normal subjects, Table
I presents the data obtained from the study of
one patient with chronic obstructive emphysema.
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This diagnosis was based on the presence of
clinical signs and symptoms of the disease
(wheezing, dyspnea on moderate exercise, cough,
barrel chest with limited motion, riles, and
wheezes) and on a maximal breathing capacity
below half the predicted value. The ventilation
of the slow compartment was about 109, of the
total, but the perfusion was roughly one-third of
the total. Thus the measurement of distribution
of ventilation alone would underestimate the
severity of the problem. The low ventilation-
perfusion ratio of this compartment as compared
to the over-all Va/Qt agrees well with data ob-
tained in similar patients using more sophisti-
cated methods (6-8).

In Figure 2 a ventilation-perfusion distribution
curve is constructed on a Po,—Pco, diagram using
a mixed venous point with a Pco, of 46 mm and a
Po, of 40 mm (15). The ventilation-perfusion
ratio of the slow compartment can be calculated
from (Vs/Qs)/(Va/Qt), if an over-all ventila-
tion-perfusion ratio of 0.8 is assumed. The
mean Vs/Qs of the normal subjects is plotted on
the curve, and the arterial point of the slow
compartment lies at a Pco, of 42 mm and a Po, of
92 mm. On the same VA/Q line, an additional
point represents the gas tensions of the blood
returning from the slow compartment of the
lungs of patient W.G. from Table I. The O, sat-
uration of blood leaving the slow compartment
in this patient is well below that of the blood
leaving the slow compartment in the normals.
Strictly speaking, it is not possible to use the
same Va/Q line for both normals and the patient,
because the arterial blood O. content of the latter
must be lower. Therefore, if the arteriovenous
O, difference were the same as in normals, the
mixed venous point should be displaced to the
left by a few mm Po,. When the Va/Q line
based on this new mixed venous point is drawn,
however, it lies very near the normal line. For
this reason, and since Figure 2 is designed only
to give an indication of approximate blood gas
composition, the same Va/Q line has been used
for both normals and the patient.

Thus, although the ventilation-perfusion ratio
of the slow compartment expressed as a fraction
of the over-all ventilation-perfusion ratio yields
no absolute parameters of pulmonary function, it
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is a useful and easily obtainable index of the
relative overperfusion of the slow compartment.

Summary

The rate of disappearance of inert gas during
washout was followed simultaneously in the
alveolar gas and in the arterial blood. This
allows calculation of the relative perfusion of the
hypoventilated (slow) compartment and com-
parison of its ventilation-perfusion ratio to the
alveolar ventilation-perfusion ratio (Va/Q) of
the total respiratory system. In five normal
subjects, the slow compartment received 1.87
of the total ventilation and 2.39, of the lung per-
fusion and had a Va/Q ratio of 819, of the total
ratio. By comparison, study of an emphysema-
tous subject showed that 109, of the alveolar
ventilation was distributed to the slow compart-
ment, whereas 339, of the total blood flow per-
fused this compartment. The procedure re-
quires only one analytical method and therefore
is applicable on a large scale.
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